A B S T R A C T Previous workers have shown that metabolic acidosis increases the apparent space through which administered bicarbonate is distributed. This finding has been ascribed to the accompanying acidemia and to the consequent availability of a large quantity of hydrogen ion that accumulates on nonbicarbonate tissue buffers during the development of acidosis. To test this hypothesis, bicarbonate space was measured in dogs with a broad range of steady-state plasma [HCO-] in association with alkalemia as well as with acidemia. Appropriate combinations of pH and plasma [HCO-] were achieved by pretreating the animals to produce graded degrees of each of the four cardinal, chronic acid-base disorders. Metabolic acidosis (n = 15) was produced by prolonged HCI-feeding; metabolic alkalosis (n = 17) by diuretics and a chloride-free diet; and respiratory acidosis (n = 9) and alkalosis (n = 8) by means of an environmental chamber. Animals with normal acid-base status (n = 4) were also studied. Sodium bicarbonate (5 mmol/kg) was infused over 10 min to the unanesthetized animals; observations were carried out over 90 min. 
firming the previous findings of others. By contrast, the results obtained in animals with respiratory acidbase disturbances demonstrated a direct relationship between bicarbonate space and initial plasma pH. The pooled data revealed that bicarbonate space is, in fact, quite independent of the initial pH but is highly correlated with the initial level of extracellular [HCOJ] ; dogs with low extracellular [HCOQ] (s10 meq/liter) whether acidemic or alkalemic, have a bicarbonate space that is 25% larger than normal and some 50% larger than in dogs with high extracellular [HCO ] (n50 meq/liter). We conclude from these results that the increased bicarbonate space in metabolic acidosis (and respiratory alkalosis) does not reflect the availability of more hydrogen ions for release during bicarbonate administration, but merely evidences the wider range of titration (ApH) of nonbicarbonate buff- INTRODUCTION The fate of administered bicarbonate is conventionally described in terms of the apparent space of distribution for this ion. Because a sizeable portion of administered bicarbonate is dissipated by body buffers, one can envision the apparent space of distribution as having anatomical and nonanatomical subdivisions; the anatomical portion corresponds to the extracellular volume in which bicarbonate is freely dissolved, and the nonanatomical, to a purely theoretical "space" large enough to accomodate (at the prevailing extracellular bicarbonate concentration) all of the administered bicarbonate unaccounted for by extracellular stores. Numerous observations have established that the anatomic and nonanatomic portions of the apparent bicarbonate space are approximately equal in size in normal individuals, i.e., that the apparent bicarbonate space is -40-50% of body weight as compared with an extracellular fluid volume of -20% of body weight (1) (2) (3) (4) (5) (6) .
Bicarbonate is often administered to patients with metabolic acidosis and such use has prompted investigators to examine the effect of acidosis on the apparent space of distribution for this ion. Although earlier workers had concluded that metabolic acidosis has a negligible effect on the internal distribution of administered bicarbonate (4, 7) , more recent studies demonstrated a significant enlargement of the bicarbonate space under these circumstances (5, 6) . This latter finding was ascribed to the associated acidemia and to the consequent availability of a large quantity of hydrogen ion on nonbicarbonate (largely intracellular) buffers that accumulated during the development of acidosis. An alternative possibility, which seemed equally plausible to us, is that a low level of plasma bicarbonate concentration, per se, mandates an enlargement of the bicarbonate space by enlarging the range of pH over which nonbicarbonate buffers will be titrated by a given quantity of administered base.
This study was designed to distinguish between these alternatives. The apparent bicarbonate space was examined in animals with widely different levels of plasma pH but similar values for plasma bicarbonate concentration. The results indicate that the enlargement of bicarbonate space in animals with metabolic acidosis is a consequence not of acidemia but of the low plasma bicarbonate concentration. METHODS 53 acute bicarbonate infusion studies were carried out on 36 female mongrel dogs ranging in weight between 10 .2 and 18.2 kg. The animals were fed 30 g/kg per d of a synthetic diet until the day of infusion. The diet contained <1.0 meq sodium/100 g, <0.1 meq potassium/100 g, and <0.5 meq chloride/100 g (8) . The daily diet was supplemented with 2.5 meq/kg body wt of potassium as neutral phosphate and 2.5 mmol/kg body wt of sodium chloride, except as noted below. The diet was homogenized with twice its weight of distilled water before feeding. Animals that did not eat spontaneously were tube fed; animals that vomited were excluded from further study. Blood samples were obtained by percutaneous arterial puncture; rectal temperature was measured at the time of blood sampling.
Five groups of animals were prepared before the acute infusion with the intent of achieving a broad range of steadystate plasma bicarbonate concentrations in association with acidemia as well as with alkalemia. Accordingly, animals with each of the four cardinal acid-base disturbances and animals with normal acid-base status were studied.' 'In some instances, a given animal received two bicarbonate infusions, one at each of two levels of severity of the same acid-base disturbance.
Group 1. Chronic metabolic acidosis
Metabolic acidosis (nine dogs, 15 studies) of graded severity was induced by adding hydrochloric acid or L-lysinemonohydrochloride (Sigma Chemical Co., St. Louis, MO) to the daily diet. For a given study, the same daily dose of acid was used throughout but, to achieve a wide range of steady. state bicarbonate decrements for the group as a whole, the daily dose of acid ranged between 2 and 8 mmol/kg body wt. The development of a chronic steady state was insured by feeding the acid for at least 7 d (9).
Group 2. Chronic respiratory alkalosis
Sustained hyperventilation (seven dogs, eight studies) was produced by exposing the animals to an hypoxic atmosphere within a large environmental chamber (10) . The ambient oxygen concentration within the chamber was lowered from 21 to 9% over a period of 2-3 d. The chamber atmosphere was maintained at a level of 9% oxygen for at least 7 d, a period known to be adequate for the development of a chronic steady state (11).
Group 3. Chronic respiratory acidosis
Respiratory acidosis (seven dogs, nine studies) was produced by exposing the animals to carbon dioxide within a large environmental chamber (10) . The animals were maintained at a given level of inspired carbon dioxide (8 and/or 11%) for at least 7 d, a period known to be adequate for the development of a chronic steady state (8 
Analytical methods
Methods used for determining sodium, potassium, and chloride have been reported previously (12) . Total CO2 was measured by autoanalyzer (Technicon Instruments Corp., Tarrytown, NY) and the results were confirmed daily by the manometric technique of Peters and Van Slyke according to a protocol previously described (13) . pH was measured anaerobically at 39°C by glass electrode (13) . Bicarbonate concentration and PaCO2 were calculated from the Henderson-Hasselbalch equation. pH, pK', and the solubility coefficient of CO2 were corrected for temperature; pK' was also corrected for pH (14) (15) (16) . Total plasma protein concentration was determined by refractometry (17 (18) . The extracellular concentrations of anions and cations were calculated from their concentrations in plasma water using a correction factor of 0.95 for the Donnan effect. Initial total erythrocyte volume was calculated from the hematocrit and an assumed plasma volume of 0.045 liter/kg body wt. Subsequent values for total erythrocyte volume were corrected for the quantity of blood removed during the experiment.
Initial extracellular fluid (iECF) volume was estimated from the radiosulfate space (19) . The counts per liter of plasma water (corrected for Donnan effect) were divided by injected counts for each of the four blood samples obtained before bicarbonate infusion. Radiosulfate space was calculated from the zero-time intercept of the least squares line drawn through the logarithms of these quotients (19 as the difference between the amount administered and the accumulated change in urinary bicarbonate excretion. Having an independent measure of the extracellular space as well as measurements of protein concentration and erythrocyte mass permitted an explicit accounting of much of the retained bicarbonate. Two major divisions and several subdivisions of retained bicarbonate were defined as follows:
Bicarbonate freely dissolved in the ECF. Bicarbonate not freely dissolved in the ECF. (a) Bicarbonate titrated by protons released from plasma proteins was estimated as 0.11 times the product of A plasma pHc, plasma total protein concentration and plasma volume (assumed to be constant at 4.5% body wt). The factor, 0.11, is the buffer value of plasma proteins expressed as millimoles per gram per pH unit (24, 25) .
(b) Bicarbonate retained in erythrocytes was calculated as 0.5 times the product of A[HCO-], and total erythrocyte volume. The factor 0.5 was taken as the ratio of bicarbonate concentration in erythrocytes to that in plasma (3, 25) .
(c) Bicarbonate titrated by protons released from hemoglobin was estimated as 60 times the product of A plasma pHc and total erythrocyte volume. The factor, 60, is the product of the molar buffer value of hemoglobin (which is taken to be 3) and millimoles of hemoglobin per liter erythrocytes (which is assumed to be 20) (26) .
(d) Bicarbonate entering the "intracellular compartment" was estimated as the difference between total retained bicarbonate and the sum of the bicarbonate accounted for explicitly by the above calculations. Consequently, this subdivision of retained bicarbonate corresponds to the aggregate contribution of all non-extracellular repositories including skeletal muscle, visceral organs, other soft tissues, and bone (3, 27) .
The theoretical fluid volume through which retained bicarbonate appeared to distribute ("apparent bicarbonate space") was 
Statistical analysis
Statistical analyses were carried out by means of analysis of variance for paired or unpaired groups of data, as appropriate. Regression functions were calculated according to conventional techniques. The terms "significant" or "significantly different" will be used, unless otherwise specified, to describe differences which have a P value of <0.01.
RESULTS
General remarks. The term "metabolic studies" is used in connection with pooled data from animals with metabolic acidosis, metabolic alkalosis, and normal acid-base status; the term "respiratory studies" is used in connection with pooled data from animals with respiratory acidosis, respiratory alkalosis, and normal acid-base status. In some instances, data from all five groups are pooled for analysis.
Throughout the acute experimental protocol, all animals remained quiet, alert, and easy to manage. Administration of radiosulfate and sodium bicarbonate produced no apparent ill effects. ECF volume and composition. As can be seen in Table I , mean ECF volume during control ranged from 23.0 to 26.4% of body wt among the five experimental groups. In no group did control ECF volume differ significantly from that of any other; however, by design, the groups with chronic acid-base disturbances featured graded degrees of severity. For this reason, we combined in turn the data from normals with that from each of the other groups and examined the least squares relationship between initial ECF volume and initial extracellular bicarbonate concentration. This analysis revealed a significant inverse relationship for the metabolic alkalosis group (y = -0.18x + 29.82, r = -0.447, P < 0.05), in keeping with the progressively more severe volume depletion anticipated in this group as a function of the severity of the diuretic-induced hyperbicarbonatemia. Analysis also revealed a significant direct relationship for the metabolic acidosis group (y = 0.17x + 22.79, r = 0.469, P < 0.05), in accordance with the progressively greater cationic losses characteristic of mineral acid-induced hypobicarbonatemia of graded severity (9) . Under the conditions of these studies therefore, the mean iECF the sum of plasma sodium and potassium concentrations minus the sum of plasma chloride and bicarbonate concentrations, was not significantly altered by bicarbonate infusion in any of the experimental groups. Furthermore, the small reduction in plasma protein concentration coupled with the rise in plasma pH that were observed after bicarbonate infusion left the anionic equivalency of plasma proteins virtually unchanged (28, 29) . This observation, taken together with the stability of the unmeasured anion concentration, serves to exclude a sizeable accumulation of organic acids following infusion of sodium bicarbonate. Bicarbonate excretion. As can be seen in Table III , bicarbonate excretion was virtually nil during control in all experimental groups and increased to a variable extent following bicarbonate infusion. Animals with metabolic acidosis excreted the least amount of administered bicarbonate, whereas animals with respiratory acidosis excreted the most; cumulative bicarbonate excretion at 90 min averaged 0.5% of the administered load in the metabolic acidosis group and 43% of the administered load in the respiratory acidosis group. The corresponding values for the metabolic alkalosis and respiratory alkalosis groups were 35 and 20%, respectively.
Fate of retained bicarbonate. Using measurements of ECF volume, total plasma protein concentration and hematocrit, it was possible to obtain a somewhat more explicit accounting of the internal distribution of retained bicarbonate than that provided by the theoretic "apparent bicarbonate space." As indicated in the Methods section, retained bicarbonate can be thought of as existing in two major divisions: (a) that freely dissolved in the ECF, including both the initial and the expanded portions thereof and (b) that not freely dissolved in the ECF, encompassing the bicarbonate titrated by plasma proteins, dissolved in erythrocyte water, titrated by hemoglobin, and removed by the "intracellular" compartment (i.e., soft tissue and bone buffers). The distribution of retained bicarbonate among these various subdivisions is depicted in Table IV for each group at each point of observation.
Marked differences were observed among the animals with respect to the internal distribution of retained bicarbonate. A consistent and striking feature, Table IV , most of the bicarbonate not remaining freely dissolved in the ECF volume was removed by the "intracellular compartment." As was the case for the non-ECF bicarbonate as a whole (Fig. 5) , "intracellular" buffering contributed more to the dissipation of retained bicarbonate in animals with hypobicarbonatemia (whether acidemic or alkalemic) than it did in those with hyperbicarbonatemia. In animals with an i[HCO4L of 10 meq/liter, whether of respiratory or metabolic origin, -40% of the bicarbonate retained at 30 min would be expected to enter the "intracellular" compartment. 
DISCUSSION
This study demonstrates that the internal distribution of an acute alkali load is critically dependent on the initial level of plasma bicarbonate concentration, rather than on the prevailing pH. Hypobicarbonatemic animals, whether acidemic or alkalemic, exhibited a much larger apparent space of distribution for administered bicarbonate than did hyperbicarbonatemic animals. The second major finding, scarcely emphasized in previous studies of bicarbonate loading (2, 5, 6) , is that the response to acute bicarbonate infusion is a highly dynamic one, characterized at all levels of initial plasma bicarbonate concentration by a continuous and rapid disappearance of retained base from the extracellular compartment. As a consequence, the apparent space of distribution for administered bicarbonate increases progressively for at least an hour or two after infusion and, hence, cannot meaningfully be assigned a single value, even at a given bicarbonate concentration.
Before elaborating on the major conclusions of this study, two important methodologic differences between this and previous investigations of acute bicarbonate loading deserve comment. The first involves the animal preparation used. Previous workers have utilized bilateral nephrectomy or ureteral ligation to obviate the loss of administered bicarbonate (2, 5, 6) . We chose to avoid the anesthesia and surgical trauma involved in this approach in the belief that more meaningful data could be obtained from studying intact dogs in optimal physiologic condition. The advantages inherent in using an intact animal model in such studies are self-evident. One bit of tangible evidence of this advantage may be found in the apparent stability of plasma organic acid concentration in our animals as compared with the significant increase observed in previous studies (2, 5) . The disadvantage to studying animals with intact renal function was that a variable portion of the infused base was excreted during the period of study; as a consequence, the actual amount of retained bicarbonate upon which our estimates of internal distribution are based differed significantly among the various groups. Considering all five study groups and all three points of observation, the average amount of retained bicarbonate ranged between 2.8 and 4.9 meq/kg body wt (Table IV) . Such differences by themselves, however, do not appear to influence the proportion of newly assimilated bicarbonate that undergoes a particular fate in normal animals; previous investigators have found a virtually identical pattern of internal distribution of alkali during the acute administration of as little as 2 to as much as 20 mmol/kg body wt of sodium bicarbonate in intact humans (3) tion (2) . In addition to excreting a variable fraction of the administered alkali load, our intact animals also had the potential for augmenting the amount of retained bicarbonate by continuing to excrete urinary net acid. On the one hand, this effect was almost certainly negligible in animals that manifested significant bicarbonaturia (i.e., all but the metabolic acidosis group) because net acid excretion was fully suppressed. (Table II) . This similarity reflects the fact that animals with smaller bicarbonate spaces (i.e., those in the hyperbicarbonatemic groups) retained a smaller fraction of the administered base during the period of observation than did animals with larger bicarbonate spaces. In any event, the complex set of interacting factors that determined the observed increment in bicarbonate concentration culminated in a striking inverse correlation between the initial level of plasma bicarbonate and the change in pH (Fig. 1); on average, animals with low bicarbonate levels experienced a shift in pH at least 0.10 U greater than those with normal or elevated levels.
Given this inverse correlation and given the likelihood that changes in extracellular pH are accompanied by roughly proportional shifts in intracellular pH (30) (31) (32) , it seems reasonable to hypothesize that the observed differences in the apparent space of distribution for administered base resulted from the widely different range of pH over which nonbicarbonate buffers were titrated in the various states of acid-base equi- librium studied.5 If the aggregate buffer value of nonbicarbonate buffers is constant over the range of pH induced in the present study groups,6 this hypothesis would predict a linear relationship between the observed change in plasma pH and the quantity of bicarbonate that disappeared from the extracellular compartment in each of the circumstances examined.
As shown in Fig. 6 , pooled data from all experiments analyzed in this fashion reveals just such a linear correlation for each of the three points of observation. Fig. 6 also illustrates the second major finding of this study, namely the striking time dependence of the buffering response; over each 30-min interval following infusion, progressively more retained bicarbonate was dissipated by buffering for a given change in pH. The calculations upon which this conclusion is based cannot distinguish between ongoing production of endogenous acid and slowly equilibrating buffer stores (34, 35) . However, if one assumes that endogenous acid production continued at rates typically observed for dogs ingesting the diets used in this study (8) , <0.2 meq/kg body wt of administered alkali would have been consumed by this process over the entire 90-min period of study.
Slow equilibration of tissue buffers was, of course, manifestly present in animals with metabolic acidosis in which virtually none of the infused bicarbonate was excreted but in which plasma bicarbonate fell progressively from its peak value at 30 min (Table II) . For each of the other groups, in which appreciable excretion of administered bicarbonate did occur, close analysis of Fig. 6 reveals that slow equilibration of tissue buffers contributed importantly to the continued dissipation of infused base and, hence, contributed to the postinfusion decline in plasma bicarbonate. This study sheds no light on the precise location(s) at which slow equilibration of nonbicarbonate buffers takes place. Bone is obviously an attractive candidate for such a sluggish response. Indeed previous investigators have demonstrated that bone buffers do begin to participate importantly in dissipating administered bicarbonate within the intervals examined here (27) .
The erythrocythemia characteristic of animals with hypoxia-induced respiratory alkalosis did contribute in small part to the larger apparent space of distribution of bicarbonate. However, even if one discounts this effect, animals with chronic respiratory alkalosis would still feature a larger apparent bicarbonate space than did animals with chronic respiratory acidosis. 6 The buffer value of hemoglobin and plasma proteins of normal subjects is stable over the physiologic range of pH (24) . Moreover, the buffer value of plasma proteins is not significantly different in chronic metabolic acidosis as compared with chronic metabolic alkalosis (33) . There are no data on the buffer value of tissue nonbicarbonate buffers during chronic alterations in acid-base equilibrium.
